ABSTRACT: Bronchopulmonary dysplasia, or chronic lung disease (CLD), of premature infants involves injury from hyperoxia and mechanical ventilation to an immature lung. We examined surfactant and nitric oxide (NO), which are developmentally deficient in premature infants, in the baboon model of developing CLD. Fetuses were delivered at 125 d gestation and were managed for 14 d with ventilation and oxygen prn without (controls) or with inhaled NO at 5 ppm. Compared with term infants, premature control infants had reduced maximal lung volume, decreased tissue content of surfactant proteins SP-A, -B, and -C, abnormal lavage surfactant as assessed by pulsating bubble surfactometer, and a low concentration of SP-B/ phospholipid. NO treatment significantly increased maximal lung volume and tissue SP-A and SP-C, reduced recovery of lavage surfactant by 33%, decreased the total protein:phospholipid ratio of surfactant by 50%, and had no effect on phospholipid composition or SP content except for SP-C (50%). In both treatment groups, levels of SP-B and SP-C in surfactant were negatively correlated with STmin, with a 5-fold greater SP efficiency for NO versus control animals. By contrast, lung volume and compliance were not correlated with surfactant function. We conclude that surfactant is often dysfunctional in developing CLD secondary to SP-B deficiency. NO treatment improves the apparent ability of hydrophobic SP to promote low surface tension, perhaps secondary to less protein inactivation of surfactant, and improves lung volume by a process unrelated to surfactant function. (Pediatr Res 59: 157-163, 2006) B PD is a common and serious condition among premature infants. The pathogenesis involves interrupted lung development and interstitial fibrosis secondary to oxygen, ventilator treatment, inflammation, and infection imposed upon an immature lung. Infants with severe BPD have continuing oxygen and ventilator requirement that is often complicated by increased pulmonary vascular and airway resistance (1).
B
PD is a common and serious condition among premature infants. The pathogenesis involves interrupted lung development and interstitial fibrosis secondary to oxygen, ventilator treatment, inflammation, and infection imposed upon an immature lung. Infants with severe BPD have continuing oxygen and ventilator requirement that is often complicated by increased pulmonary vascular and airway resistance (1) .
Most premature infants are developmentally deficient in pulmonary surfactant, the complex mixture of PL and SP that is required for maintaining alveolar patency (2) . In addition, the composition of surfactant at premature birth is abnormal, with a relative deficiency of both saturated phosphatidylcholine, which forms the surface active film, and SP that are essential for formation and stability of film (3, 4) . Many premature infants who remain on ventilatory support experience episodes of respiratory deteriorations that are associated with dysfunctional surfactant and a reduced concentration of SP-B and SP-C (5).
The signaling molecule NO plays a key role in physiologic processes in the pulmonary epithelium, mediating neurotransmission, smooth muscle relaxation, bacteriostasis, ciliary motility, mucin secretion, and lung liquid production in the perinatal period (6, 7) . We previously reported that there are maturational increases in NO synthases and NO production, and that NO synthases are deficient in baboon infants with CLD (8, 9) . The recognition of NO deficiency in the premature lung, coupled with its effects on vascular and airway resistance, provided the rationale for trials of inhaled NO treatment in infants with severe BPD (10) and more recently in premature infants at risk for BPD (11, 12) . The efficacy and safety of this therapy remains undetermined, and there is currently little information regarding specific effects of NO on the immature lung. Both in vivo and in vitro studies suggest that NO impacts surfactant (13) (14) (15) (16) (17) , however, this issue has not been examined in premature primates.
To better understand the surfactant status in ventilated infants, and possible effects of replacement NO therapy, we performed studies in the 125-d premature baboon model of CLD. In this oxygen prn model, infant baboons are ventilated using levels of inspired oxygen as required to maintain normal blood gas values, mimicking the current ventilatory approach for human infants. These animals have a progressive increase in BAL cytokines and demonstrate impaired alveolar development, interstitial fibrosis, and decreased capillary vasculature similar to infant BPD (18) . Based on the diverse effects of NO in the lung and the deficiency of endogenous NO in premature baboons, we treated animals with inhaled NO from birth with the expectation of ameliorating lung disease. We investigated the composition and function of surfactant at 14 d, its relationship to lung function parameters, and the influence of NO therapy. A companion paper describes other responses to NO in the same group of animals (19) .
MATERIALS AND METHODS
Animal model. The animal studies were performed at the Southwest Foundation for Biomedical Research Primate Center in San Antonio, TX with IACUC approval at all participating institutions. Baboon (Papio papio) fetuses were delivered at 125 Ϯ 2 d gestation (term ϭ 185 d) by cesarean section and received surfactant (Survanta, courtesy of Ross Laboratories, Columbus, OH) before ventilation with a humidified, pressure-limited, timecycled infant ventilator (InfantStar, Infrasonics, San Diego, CA) or, when necessary, with a 3100A high-frequency oscillatory ventilator (kindly provided by Sensormedics, Yorba Linda, CA). The ventilatory approach was based on a strategy to maintain tidal volume at 4 -6 mL/kg, with adequate chest motion by clinical examination, adjustment of the rate to maintain PaCO 2 at 45-55 mm Hg and the goal of minimizing exposure to FiO 2 . Details of this 125-d prn model have been published (18) .
Animals were randomly assigned to either controls (n ϭ 11) or to NO replacement (n ϭ 8) with continuous inhaled NO (5 ppm using an INOVent, iNO Therapeutics, Inc., Clinton, NJ) beginning 1 h after delivery. A companion paper describes other responses to NO in the same group of animals (19) . Ventilatory management was the same for all animals, including a comparable need for high-frequency oscillatory ventilation. BAL was limited to postmortem (d 14) because tracheal aspiration causes significant hemodynamic and pulmonary instability in the premature baboon. BAL was performed similarly on all animals using five saline instillations into the left lower lobe to full distension without ventilatory maneuvers; recovery was 78.0 Ϯ 3% control versus 80.2 Ϯ 2.2% NO-treated. In addition, lung tissue was obtained at study termination. All NO-treated animals and five controls had their ductus arteriosus ligated on d 6 (regardless of ductus patency). As there were no significant differences in surfactant-related parameters, controls with and without ductal ligation were combined for comparison to the NO-treated group. Tissue and BAL were also obtained from newborn, nonventilated control fetuses at 125, 140, 175 d gestation and after term delivery.
Surfactant composition and function. Cells were removed from BAL by centrifugation and the supernatant was centrifuged (27,000 ϫ g, 60 min) to yield a large aggregate surfactant pellet and supernatant. Protein (20) and PL (21, 22) content were determined and the remaining pellet was diluted to 1.5 mg PL/mL for pulsating bubble surfactometery (3), with minimal surface tension (STmin, Յ5 mN/m defined as normal) of primary interest. Due to the limited amount of available BAL, a single determination of surfactant function was made for each animal; the coefficient of variation for 10 replicate determinations of STmin in a pooled sample was 6%. PL composition of surfactant was determined by HPLC with refractive index detection using lipid extracted from pooled, residual samples (23) . SP-A, SP-B, and SP-C content were analyzed by Western immunoblotting and quantitative immunodot assays as described (24, 25) .
Tissue studies. Lung homogenate was assayed for SP and content of SP and ␤-actin mRNA was determined by dot blot hybridization and Northern analysis (26) . Lung tissue was prepared for histopathological analysis (18) and intensity and frequency of SP-B staining (26) was scored by three blinded observers.
Pulmonary function testing. Compliance was determined on d 14 using the VT1000 body plethysmograph (Vitaltrends Technology, New York, NY). Postmortem quasi-static inflation pressure-volume measurements were carried out by inflating the lungs in a stepwise manner (5 cm H 2 O increments) to a pressure of 20 cm H 2 O. At each increment, the pressure was held for 30 s and volume was recorded. The lungs were then inflated to 35 cm H 2 O for 1 min and maximal lung volume was recorded. Pressure was then reduced in steps of 5 cm H 2 O, with stabilization at each step, and recording of volumes.
Statistical analysis. Comparisons between groups were performed by linear regression analysis and by Student's unpaired t test. Significance was accepted at 0.05. All results are expressed as mean Ϯ SEM.
RESULTS
Study groups. As previously described (19) , the control and NO replacement groups were comparable for gender distribution, gestational age, and birth weight (Table 1) .
Surfactant recovery and composition. BAL was performed at termination of each study. Recovery of total protein was 2.59 Ϯ 0.37 mg and 1.97 Ϯ 0.33 mg in control and NO groups, respectively (p ϭ 0.25); normalized to body weight, total protein was 6.83 Ϯ 0.96 mg/kg and 4.76 Ϯ 0.79 mg/kg (p ϭ 0.13), respectively. The yield of surfactant PL was ϳ33% less (p Ͻ 0.05) in NO-treated versus both control and term animals calculated per milliliter BAL (Table 2 ) and 40% less (p Ͻ 0.05) normalized to body weight (data not shown). There was a similar decrease (28%) in content of total PL (surfactant pellet plus supernatant) in BAL of NO animals (data not shown) and no difference between groups in distribution of PL between pellet and supernatant ( Table 2) .
The total protein content of surfactant pellets from controls was nearly equivalent to the PL content by weight, whereas NO animals had ϳ50% (p Ͻ 0.05) of the control level, comparable to that of term animals ( Table 2 ). This difference in protein:PL ratio reflected both decreased BAL protein and a lower percentage associated with surfactant for the NO group (1.9 versus 3.7%).
There were no significant differences in PL composition between groups ( Table 2 ). As expected, phosphatidylcholine was the major species (ϳ80%), which is similar to values for other surfactant preparations and the 140-d baboon model (27, 28) .
Contents of SP-A and SP-B, relative to PL, in surfactant were comparable in NO versus controls, whereas SP-C was significantly decreased by 54% in NO-treated infants (Table  2) . Expressed relative to total protein in the pellet, however, concentrations of all three SP were not different between groups (data not shown). SP-B/PL of both groups was markedly elevated compared with the level in 140-d nonventilated gestational age controls (Ͻ0.05% SP-B/PL), but less than that found in surfactant of nonventilated term baboons (1.90%). By Western analysis (not shown), only ϳ8 kD immunoreactive protein was detected in both fractions. By immunodot assay, most of the total BAL SP-B was associated with the surfactant pellet (86.4 Ϯ 2.6% versus 86.2 Ϯ 3.5% for controls and NO-treated, respectively). Concentrations of SP-A and SP-C in both groups were also higher than nonventilated 140-d controls (Ͻ0.1% and 2.4 Ϯ 0.7%, respectively) but were not significantly different from term values.
SP in lung tissue. In controls, content of all tissue SP was Ͻ50% of term with SP-A markedly reduced (ϳ10%). Content of SP-B and SP-C mRNA, by contrast, was greater than the term value, whereas SP-A mRNA was low. NO animals had significantly increased content of SP-A, SP-C, and SP-A mRNA (Fig. 1) . The levels of SP expression at 14 d of postnatal life are many-fold higher than those occurring in utero at both 125 d and 140 d, reflecting postnatal activation of the surfactant system (data not shown).
The gross histopathologic appearance of lung tissue (Fig. 2 ) was comparable to that previously described (18) and analysis by a panel-of-standards approach found no differences between control and NO-treated lungs (19) . SP-B was detected in hyperplastic type II cells, nonciliated airway epithelial cells, and in alveolar macrophages. Using a semiquantitative scoring system for intensity and cellular distribution of SP-B, there were no significant differences between control and NOtreated lungs.
Pulmonary function and surfactant properties. Both dynamic lung compliance, from plethysmography studies on d 14, and postmortem maximal lung volume were lower in controls (Table 3 ) than in term animals (data not shown). Maximal lung volume, but not compliance, was greater in NO-treated versus controls as previously reported (19) .
The mean value for STmin, the primary measurement of in vitro surfactant function, was elevated in controls (13.3 mN/m) compared with normal values in term infants and adults (0 -5 mN/m) (3, 29) . NO exposure did not affect either STmin (mean 10.7 mN/m) or the other surface tension parameters (Table 3) . STmin values were in the normal range for two control and two NO-treated animals. Unexpectedly, lower STmin was not significantly associated with greater compliance (Fig. 3A) or maximal lung volume (Fig. 3B) .
SPs and STmin. To examine possible causes for surfactant dysfunction, STmin for individual surfactant samples was compared with SP concentration (Fig. 4) . For controls, SP-B and SP-C, but not SP-A or total protein, were negatively correlated with STmin (r ϭ 0.67 and 0.60, respectively), consistent with the role of SP-B/C to promote formation and stability of the surface film (2). Similar negative associations between SP-B/C content and STmin occurred in the NO group, however, the slopes were significantly steeper and the correlation coefficients were higher (0.7-0.8). STmin in NO samples was also negatively correlated with SP-A, in contrast to control samples. These findings suggest that hydrophobic SP in surfactant from NO-treated infants were more efficient in promoting stable film formation.
DISCUSSION
The premature infant baboon model of CLD was originally developed to reflect oxygen-induced lung disease (classical BPD) of human infants. By contrast, the 125-d gestation baboon ventilated with oxygen prn is a model for the "new" BPD that occurs in many human infants Ͻ30 wk gestation. The postnatal management, including surfactant treatment and ventilatory strategy, clinical course and histopathology are comparable in the two species. In this study, we evaluated the status of surfactant during the evolution of CLD in the 125-d (5) and patients with acute respiratory distress syndrome (31) .
Considerable evidence supports a causal relationship between SP-B concentration and surfactant function. SP-B is essential for formation of lamellar bodies, and it promotes rapid film formation as well as stability on compression (2). Absence of SP-B in both mice and humans causes respiratory distress at term delivery due insufficient active surfactant (2) . In studies with mice, respiratory failure occurred with Ͻ25% of normal SP-B concentration, and SP-Bϩ/-animals with 50% of normal SP-B were more susceptible than wild type to pulmonary infection (32, 33) . SP-B decreases in animal models of lung injury and infection associated with respiratory distress (34, 35) . SP-C (at higher concentrations than for SP-B) also promotes surface film formation and stability (36) . The content of SP-C in surfactant of control premature baboons was comparable to that of term animals, in contrast to SP-B, indicating that surfactant dysfunction was not likely a result of deficient SP-C. Of note, SP-C concentrations were higher than reported for human infants and adults (3), which could reflect a species difference in either production of SP-C or immunoreactivity.
Several mechanisms for reduced SP-B can be considered. The normal content of SP-B mRNA in 125-d (this study) and 140-d (4,28,30) baboons with CLD does not support transcriptional regulation in this species. The inflammation and oxidative stress associated with hyperoxia and mechanical ventilation may degrade or modify SP; by Western analysis, however, no partially or abnormally processed forms of SP-B were evident. Finally, translational efficiency or processing of SP-B may be altered in CLD, particularly in newly differentiated type II cells (37) .
Although SP-A contributes to surfactant film formation and PL recycling, its primary role relates to host defense (38) . In previous studies with the 125-d baboon, Awasthi et al. (39) found reduced SP-A mRNA, normal tissue SP-A content, and low lavage SP-A. By contrast, our data indicate reduced levels of both mRNA and protein in tissue but a normal concentration of SP-A in BAL surfactant compared with term animals. These different results may reflect in part the use of antenatal corticosteroid treatment in the Awasthi study but not in the current protocol. 
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Effects of NO treatment. Inhaled NO influenced surfactant recovery and composition as well as lung function. The lower recovery of surfactant likely reflects decreased alveolar surfactant content in the NO group, which might be related to reduced synthesis, decreased secretion or increased contaminating lipids. There was no apparent physiologic impact of this 33% decrease in surfactant as the ventilation index was lower in treated infants over the 14 d (19) .
The protein:PL ratio of surfactant was less in NO animals, reflecting both less BAL protein and less associated with surfactant. Reduced protein content should improve surfactant function due to less protein inhibition and may relate to the observation that NO-treated animals had a steeper slope for SP-B versus STmin. By this analysis, STmin Ͻ5 mN/m was achieved at ϳ0.5% SP-B/PL in NO-treated animals, which is 5-fold lower than for controls. A similar effect of NO was observed for SP-C. These findings suggest that NO exposure may be associated with less severe lung injury and reduced protein influx. Serum proteins (e.g., fibrinogen, albumin, and Hb) inhibit surfactant function in vitro (27) , and proteins released from sloughed airway epithelial cells may have similar properties. In addition, anti-inflammatory properties of NO may reduce oxidative and nitrative modifications of SP-B/C that impair function, resulting in more active SP.
These observations suggest that NO replacement may attenuate inactivation of surfactant by extraneous proteins during CLD. Because volume of surfactant samples was limited, we were not able to examine protein composition or test for inactivation of surfactant by BAL protein. Nevertheless, such a possibility of improved surfactant function is contrary to evidence that treatment with NO or NO metabolites can blunt surfactant activity or decrease SP content (15) (16) (17) and suggest that inhaled NO, at the concentration used, may protect against oxidant injury and against surfactant inactivation under physiologic conditions. NO treatment increased the amount of immunoreactive SP-A and SP-C in lung tissue but not in alveolar surfactant. There are several possible explanations for these apparent discrepancies. Alveolar content of SP-A could fail to increase due to either 1) inhibitory effects of NO on intracellular protein processing and/or secretion or 2) stimulatory effects on recycling. SP-C mRNA content was not increased by NO exposure, suggesting that the elevated tissue content of SP-C protein reflects either greater translational efficiency and/or reduced rate of secretion. Alternatively, there could be normal or increased secretion of SP-C in the presence of NO but decreased alveolar content secondary to enhanced clearance. Additional studies in other experimental systems will be required to delineate mechanisms of NO effects on SP synthesis, secretion, and alveolar clearance.
NO treatment was associated with greater lung volume (Table 3 ) and dynamic lung compliance (19) , and decreased expiratory resistance (19) . These findings for pulmonary function are consistent with the known role of NO in the regulation of both bronchomotor tone and peripheral contractile elements in the developing lung (40) . We were surprised to find no positive association of in vitro surfactant function with parameters of lung function as observed in adult patients with idiopathic pulmonary fibrosis (29) . It is likely, therefore, that the beneficial effects of replacement NO on pulmonary function in infant CLD reflect primarily nonsurfactant actions. These may include reduced airway resistance secondary to inhibition of smooth muscle cell proliferation and increased tissue compliance resulting from reduced pulmonary edema, interstitial fibrosis or abnormal content or distribution of extracellular matrix components. In a separate manuscript, we describe effects of NO treatment to normalize abnormal elastin deposition and myofibroblast distribution that are characteristic of CLD (19) .
